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ABSTRACT 

We compare the angular momentum extracted by a wind from a pre-main-sequence star to the 
torques arising from the interaction between the star and its Keplerian accretion disk. We find that 
the wind alone can counteract the spin-up torque from mass accretion, solving the mystery of why 
accreting pre-main-sequence stars are observed to spin at less than 10% of break-up speed, provided 
that the mass outflow rate in the stellar winds is ~ 10% of the accretion rate. We suggest that such 
massive winds will be driven by some fraction e of the accretion power. For observationally constrained 
typical parameters of classical T-Tauri stars, e needs to be between a few and a few tens of percent. 
In this scenario, efficient braking of the star will terminate simultaneously with accretion, as is usually 
assumed to explain the rotation velocities of stars in young clusters. 

Subject headings: accretion, accretion disks — MHD — stars: magnetic fields — stars: pre-main- 
sequence — stars: rotation — stars: winds, outflows 



1. INTRODUCTION 

Pre-main-sequence stars surrounded by Keplerian 
disks accrete substantial amounts of angular momen- 
tum along with infalling matter and energy. Classical 
T-Tauri stars (CTTSs) are widely understood to be low- 
mass (< 2Mq) pre-main-sequence stars with ages rang- 
ing from a few times 10 5 to a few million years and rep- 
resent the latest stages of protostellar accretion. The 
typical accretion torque on these stars is sufficient to 
spin them up to break-up speed in much less than 10 6 
yrs l)Hartmann fc Staufferl 1*1989). The fact that many 
CT TSs (the "slow rota tors") spin at < 10% of break- 
up l)Bouvier et al.l *1993) and have ages longer than their 
spin-up times, suggests that they are in spin equilibrium, 
wherein they somehow rid themselves of accreted angu- 
lar momentum and thereby maintain a net zero torque. 
Furthermore, in order to explain the distribution of rota- 
tional vel ocities of stars in young clusters, it is gen erally 
believed l)Edwards et al.lll99.il: iBodenheimerl H 99 5 . for a 
review) that rotational braking of the star becomes inef- 
ficient when accretion ceases. 

The leading explanation for angular momentum 
loss during acc retion , referr ed to as "disk locking" 
llOhosh fc Lamblll?7llK7mT^lll9ltlSnu et al.111994 - re- 
quires a significant spin-down torque on the star arising 
from a m agnetic connection bet ween the star and disk. 
However. iMatt fc Pudrita l)2005l and references therein) 
discussed several severe problems with the disk locking 
scenario, most notably that the stellar magnetic field 
topology should be largely open, rather than connected 
to the disk. The presence of open stellar field lines al- 
lows for, and may be caused by, a stellar wind, and the 
immediate question is whether a wind along these open 
lines carries away enough a ngular momentum to coun- 
teract the accretion torque (fHartmann fc StaufferllT989T: 
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iTout fc Pringi3ll99"l . 

In this Letter, we report (in S]3J) that protostellar winds 
can remove accreted angular momentum, even for slow 
stellar rotation rates, provided that the stars have large 
mass loss rates. We propose that the energy driving the 
stellar wind derives from accretion power (©, and this 
also explains the apparent connection between efficient 
braking and accretion. In sectional we combine the re- 
sults of many studies of the star-disk interaction to give 
a complete picture for the flow of matter and angular 
momentum near the star. 

2. SPIN EQUILIBRIUM 

We consider long-term torques, averaged over ~ 10 4 
yr (i.e., much less than spin-up/down times). The ap- 
proximation of a steady-state and the adoption of global, 
axisymmetric magnetic fields are thus acceptable, even 
though the magnetic structure, winds, and accretion 
properties are variable and probably not axisymmetric, 
on much shorter timescales. The torque on the star, due 
to th e accretion of disk matter, is (e.g.. IMatt fc Pudritzl 

una 4 

r a = M a V GM*Rt, (1) 

where M a is the mass accretion rate, G is the gravita- 
tional constant, M* is the mass of the star, and Rt is the 
location of the inner edge of the disk, from whic h mate- 
rial e ssentially free-falls onto the stellar surface l)Konig]l 
119911) . In the following, we compare this accretion torque 
with the torque originatin g from a stellar wind. 

X-ray observations ijFeigelso n fc Montmerle|| 1999l) and 
magnetic field measurements ij.Iohns-Krull et alJ 119991 
ISmirnov et all l200l) of CTTSs reveal the presence of 
hot coronae and dynamically important fields. Together 
with the rotation rates, these observations suggest that 
CTTSs drive stellar winds by coronal thermal pressure 
(similar to the Sun) and that magn eto-centrifugal effects 
may also play a role. Furthermore. iDupree et aT] l)2005f) 

4 We have neglected a term proportional to the spin rate of the 
star, but eq. is valid for spin rates well below breakup speed. 
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recently reported evidence for hot (~ 3 x 10 5 K), fast 
(~ 400 km s" 1 ) stellar winds from two CTTSs. Thus, 
we believe it is appropriate to adopt sta ndard magneto- 
hydrodynamic (MHD) wind theory (e. g.JWeber fe Davisl 
Il967t lMestell968l Il98l lSakurall985l lKawaleill988fl for 
these systems. In this case, the torque on the star, due 
to angular m omentum lost to the wind, is given by (e.g., 
IMestelllTQSl 5 . 

Tw = - K M w n*Rl(r A /R*) 2 , (2) 

where M w is the mass loss rate in the stellar wind, 17* is 
the angular spin rate of the star, i?* is the stellar radius, 
and ta is the Alfven radius, defined as the location where 
the wind velocity reaches the local Alfven speed. The 
dimensionless factor of order unity k takes into account 
the geometry of the wind (k = 2/3, for a spherically 
symmetric wind). In essence, wind theory tells us that 
magnetized stars spin "with their arms out," and the 
resulting spin-down torque depends most strongly on the 
length of their lever arm, ta- 

Assuming that a spin-down torque arising from a disk 
connection and spin-up due to contraction are negligible, 
the equilibrium spin rate of the star is determined by the 
balance of accreted angular mom entum with the spin- 
down torque from the stellar wind ijHartmann fc St auffcr 
1989). By equating r a = — r w (eqs. pQ and [2]), the 
equilibrium stellar spin rate is 

where we have expressed the spin rate as a fraction of 
the break-up speed, / = fl^R^ 2 (GAf*) -1 / 2 . It is im- 
mediately evident that stellar winds alone are capable of 
keeping CTTSs spinning well below the break-up rate, 
provided that they drive powerful (i.e., large Af w ) winds 
and have a long magnetic lever arm. 

This result depends most strongly on the length of 
the lever arm, which is an uncertain p arameter. The 
usual analytic calcula tion of ta/R* (e.g.. lKawaleilll987l 
iTout fc Pringld Il992j) is not very reliable, as it em- 
ploys a one-dimensional formulation (instead of the two- 
dimensional problem here), and it depends strongly on 
the assumed magnetic geometry and wind speeds. How- 
ever, the analytical result is still useful because it tells 
us ta/R* depends on the ratio B^Rl/M w (where is 
the field strength at the stellar surface) , for a given mag- 
netic geometry and wind speeds. Using the well-studied 
example of the solar wind, we can get an initial esti- 
mate of TA-, as follows. First we assume that CTTS wind 
speeds are within a factor of a few of solar wind val- 
ues, which we expect from the similar escape speeds and 
is supported by observations. Second, for a lack of in- 
formation to the contrary, we assume that the magnetic 
geometry in CTTS winds is also not too different from so- 
lar. Now, using the observational limit on the large-scale 

5 E quation |21 is valid for any magnetic geometry. [Rawalcr 
( 1988) used a different formulation for a dipolar magnetic field, 
but this was a misinterpretation of eq. (12) in Mestel (1984), which 
requires stellar surface values of density and velocity, instead of the 
total mass outflow rate M w . 



(di pole) component o f CT TS magnetic fiel ds of -B* ~ 200 
G ijjohns-Krull et al.lll999tlSmirnov et"aTll2003|) . and as- 
suming R* = 2i? Q , the ratio BlR 2 /M w is equal to the 
solar wind value when Af w ~ 2 x 10 -9 M Q yr^ 1 . Re- 
markably, this i s approximately 10% of typic al observed 
accretion rates Ilohns-Krull fc Gaffordll2002l) . Thus, for 
this value of M w , the lever arm length should be close 
to the solar value of 12-16 <|Lilll909f) and larger if Af w is 
smaller. Furthermore, this value o f r\ is consistent wit h 
numerical simulation results fe.g. JMatt fc Balickl l2004). 
when scaled for CTTS winds, even for rotation rates of 
10% of breakup. Therefore, we believe that ta/R* > 15 
is reasonable, and the fiducial value in equation (J3J) is 
justified. 

The relationship M w ~ 0.1 A L is consistent with the 
stellar outflow rates reported bv lDupree et al.l <)2005|) . as 
well as the large-scale mass outflow rates inferre d in these 
and younger systems iJKonigl fc Pudritzll2000|) . As fur- 
ther support, a coronal wind with M w < 10~ 9 M^ yr -1 
is con sistent with CTTS X-ray luminosities ijDecamplil 
I1981|) . In the following section, we show that accretion 
power is capable of driving massive stellar winds such as 
these. 

3. ACCRETION POWER 

If the stellar wind alone counteracts the accretion 
torque, equation @ indicates that M w should be a sub- 
stantial fraction of M a , which requires powerful wind 
driving. The observations discussed in ^indicate that 
CTTSs have enhanced rotational, thermal, and mag- 
netic energies in their coronae, relative to the present 
day Sun, suggesting that CTTS winds will be substan- 
tially more energetic and massive than the solar wind. 
It is not yet clear, however, whether scaled-up solar-type 
activity alone ca n drive high enough mass loss to sat- 
isfy equation P lipecamplilll98lUTout fc Prmglelll992t 
iKastner et alJl2002|) . Instead, we propose that the stel- 
lar wind is powered by the energy deposited on the 
star via accretion. This scenario is supported by ob- 
servations of hot, ste l lar outflows lIBeristain et al.ll20Qll 
Edwards et al\ |2003j; |F erro-Fontan fc Gomez de Castrol 
2003HDupree et al\\200^ ~ 

The details of the complicated interaction between the 
star and disk are not important for tabulating the ac- 
cretion power. Instead, this can be characterized as an 
inelastic process, wherein rotating disk material attaches 
itself to the stellar magnetosphere at Rt , and eventually 
falls onto and becomes part of the star. What matters 
is the difference in the energy before and after this in- 
teraction. In particular, disk matter that falls from R t 
to -R* liberates gravitational potential energy and also 
transfers its orbital kinetic energy onto the star. Some 
of this energy is added to the rotational kinetic energy 
of the star (at a rate 17* r a ), and, in spin equilibrium, is 
balanced by the work done by the stellar rotation on the 
wind (at a rate 17*r w ). The remaining accretion power 
is 6 

L a = 0.5M a v 2 sc [l - 0.5R*/R t - f(R t /R^ 2 }, (4) 

where v csc is the escape speed from the stellar surface. 
The terms in the square brackets represent the sum of the 

6 We have neglected terms proportional to f 2 , which are impor- 
tant only for fast rotation. 



Accretion-powered Stellar Winds 



3 



change in potential energy (1 — R*/R t ) and the change 
in kinetic energy (0.5i?*/i?t) of accreting material, minus 
the work done on the stellar rotation [/(i? t /i?*) 1 ^ 2 ]- It 
is i a that is deposited near stellar surface by accretion, 
and thus L a powers e nergetic accre tion phenomena, such 
as excess luminosity fKonigl 199lJ and a stellar wind. 

We suggest that there are a number of possible ways in 
which some of this energy will transfer to the op en field 
regio n of the stellar corona. Accretion shocks ijKonigll 
119911 iKastner et aT]l2002D. and poss ibly magnetic recon- 
nection events (|Havashi et al.lll996() . give rise to X-rays 
and UV excesses, which radiate the stellar surface. Shock 
heated gas may diffuse or mix across closed field regions 
and into the stellar wind region, and thermal conduction 
may be significant. Time-dependent accretion events will 
excite magnetosonic waves that may propagate through- 
out the corona and deposit energy through wave dissi- 
pation. In general, these processes increase the thermal 
energy in the corona, and the details are not necessary 
for the estimate that follows. 

An MHD wind can be powered by both the rotational 
kinetic energy of the star a nd by coronal thermal energy 
llWashimi fc Shibatall993ft . We propose that the thermal 
component is powered by some fraction e of the accretion 
power, L a . The thermal power in the wind is approxi- 
mately MwDg (7 — 1) _1 , where v s is the sound speed near 
the stellar surface and 7 is the polytropic index (i.e., 
P oc p 1 ). Setting this equal to eL a , gives 

M w /M a = er-^1 - 0.5R,/R t - f(Rt/R*) 1/2 } (5) 

where T t h = 2(?; s /w osc ) 2 (7 — 1) _1 relates the thermal en- 
ergy to the gravitational potential energy. In reality, the 
parameter T t h is not independent of e, since the mecha- 
nism^) by which accretion energy powers the wind influ- 
ences the gas temperature (and thus v s ), and the location 
and rate of energy deposition influences the effective 7. 

This formulation of the problem is advantageous, as it 
is valid for wind temperatures ranging from hot, in which 
thermal pressure dominates the wind dynamics, to cold, 
in which magneto-centrifugal effects dominate (i.e., fast 
magnetic rotator winds) . The energy equation J5j can be 
combined with the torque equation to solve for / eq 
and M w /M a , simultaneously, for any given coupling ef- 
ficiency e and thermal energy parameter T t h- Assuming 
7 = 5/3, t he observed X - ray te mperatures and the obser- 
vations of iDupree et alJ l)2005|) suggest that the value of 
T th for CTTS's is likely to be in the range 0.3-3. Adopt- 
ing the fiducial values of equation ©, this likely range 
of T t h requires a power coupling efficiency in the range 
4% ^ e i$ 40%, to achieve the ratio of stellar mass loss 
rate to disk accretion rate of M w /M a w 0.1 and an equi- 
librium spin / cq « 0.09. This value of e appears reason- 
able and should help to discriminate between different 
possible energy transfer mechanisms. 

4. SYNTHESIS 

Figure ^ illustrates our proposed scenario for the 
dynamics and angular momentum evolution of the 
combined star-disk system. This is a synthe- 
sis of many results from the lite rature on disk 
wind s (e.g.. lOii yed fc_P udritd H997tL stellar winds 
(e.g.. IM att fc B alickl 120041) . funnel flow accretion (e.g., 
IRomanova et al.ll2002|) . and the general star-disk inter- 
action. In the figure, the stellar dipole magnetic field 




R* Rt Rco 15 R* 



Fig. 1. — Schematic of the star-disk interaction. The inner edge 
of the accretion disk, located at Rt, is connected to the stellar 
magnetic field (solid lines), which regulates the transfer of matter, 
energy, and angular momentum to the star (black circle). Ar- 
rows indicate the direction of both matter and angular momentum 
flow. The dashed and dash-dotted lines indicate the location of the 
Alfvcn surfaces in the stellar and disk winds, respectively. 



connects only to a small portion of the disk inner edge, as 
in "state 1" of lMatt fe Pudrit d l)2005|) . From there, disk 
material is channeled by the magnetic "funnel" to the 
polar region of the star, depositing mass, energy, and an- 
gular momentum. The star is rotating sufficiently slowly 
that the corotation radius, R co = f~ 2 ^ 3 R*, is outside 
the connected region, and the star feels only a spin-up 
torque from its interaction with the disk. At the same 
time, there is a powerful wind along the open stellar field. 
The stellar wind Alfven surface (dashed line) is near 15 
i?* at mid latitudes, and crosses the pole at a much larger 
spherical radius, giving an effective cylindrical lever arm 
length, ta, of approximately 15 i?*. 

With an estimate of r&, it is possible to consider the in- 
fluence of rotation on the wind, since magneto-centrifugal 
effect s begin t o be im portant when ta is greater than 
R co . iSakurail l)1985|) showed (see his fig. 2) that, for 
v s /v esc equal to the solar wind value, centrifugal acceler- 
ation is of equal importance with thermal driving when 
ta/Rco ~ 100 1 / 3 . For a star rotating at 10% of breakup, 
this means that equality of thermal and centrifugal ef- 
fects occurs when ta/R* ~ 22. The logical conclusion is 
that centrifugal effects will be at least marginally im- 
portant in CTTS winds when Af w ~ 1O" 9 M yr" 1 , 
and may dominate for much lower values of M w (since 
ta is then larger) or faster rotation rates. Even with 
marginal centrifugal effects, these winds should be self- 
collima ted, and most wind p aram eters (e.g., r\) depen d 
on fi„ l|Washimi fc Shibatalll993l IMatt fe Bahckl f2004). 
Furthermore, at large distances from any magnetic rota- 
tor, wind material possesses angular momentum equiva- 
lent to an amoun t as if the wind were corotating at ta 
Ce.g.. lMichell969|) . Thus, CTTS winds s hould rotate at a 
speed comparable to that of a disk wind ( Bac ciotti et alJ 
l2002t lAnderson et alJl2003|) at observationally resolved 
distances from the star. 
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As shown in Figure ^ a disk wind is present that ex- 
tracts angular momentum from the disk. The Alfven 
surface of the disk wind (dash-dotted line) gives an ef- 
fective lever arm that is a few times the radius of the 
footpoint of the field lines from which the wind flows. 
The disk and stellar winds collimate on a scale larger 
than the figure. It is evident that the presence of the 
accretion disk is likely to affect the stellar wind. In par- 
ticular, the disk wind can help to collimate the stellar 
wind (e.g.. iPelletier fc Pudritzl Il992t lOuved fe Pudritd 
Il997|) . acting as a hydrodynamic "channel." This would 
result in shallower magnetic and thermal pressure gradi- 
ents and possibly increase ta, relative to the case of an 
isolated stellar wind. Finally, the sheared interface be- 
tween the two winds is likely to produce observable sig- 
natures from interesting phenomena, such as shocks and 
Kelvin-Hclmholz instabilities, and there exists a current 
sheet that should give rise to magnetic reconnections and 
particle acceleration. 

In essence, the accretion powered stellar wind model 
solves the stellar angular momentum problem in the same 
way that a disk wind aids angular m omentum transport 
in the disk (Konig l~fc Pudritzll200ri for a review). Both 
the star and disk may drive accretion-powered magnetic 
outflows that are ~ 10% of M a . In the case of the disk, 
the local rotation rate is at break-up, so a short lever 
arm is sufficient to provide angular momentum transport 
there. The star, on the other hand, has a much stronger 
magnetic field than the disk, resulting in a longer lever 
arm, and so an equilibrium spin rate of much less than 
break-up speed is possible. 

The configuration of Figure ^ as weu as the 
possibility that the most significant spin-down 
torques on the star originate from open stel- 
lar field lines, is w ell-supported by th e num erical 
MHD simulations of l^oodson & Wingleel {1999T ) and 
von Rekowski fc Brandenburd 1)20041120051 but see 
Romanova et alJ l2002ft ~ This picture may also apply 
to accreting systems other than CTTSs, such as cata- 
clysmic variables, binary X-ray pulsars, and accreting 
black holes. 

5. CONCLUSION 

We propose that the slow spin of CTTSs is explained 
by a balance between the spin-up torque from accretion 



and the spin-down torque from a stellar wind (eq. |3])- In 
this scenario, some fraction (e) of the energy released by 
accretion ultimately powers a stellar wind with a large 
mass loss rate (M w ~ 0.1 M a ) and rapid angular momen- 
tum loss. Furthermore, we expect that there is a thresh- 
old value of M a , below which the contraction of the star 
is more important than accretion torques. At this later 
time, stellar spin evolution could be controlled by the 
interplay between contraction to the main sequence and 
a conventional stellar wind. Thus, an intrinsic spread in 
the timescale for the decline of accretion could explain 
the distribution of ro tational velocities in young clusters 
{Edwards et al.lll993j) . in the same manner as that usu- 
ally attributed to disk locking. 

Our analysis is free from t he problems faci n g disk - 
locking models discussed bv iMatt fc Pudritd {2005). 
In particular, the X-wind i|Shu et al.1 11994 and sub- 
sequent work) and standard star -disk torque models 
{Ghosh fc Lamblll978t lKonigl 1991) require a large-scale 
magnetic field that is stronger than current observa- 
tions allow. These models also assume an unrealistically 
strong magnetic connection between star and disk and 
neglect any torque contribution from a stellar wind. In 
this Letter, we showed that a stellar wind is capable of 
providing significant torques, even when the magnetic 
field is an order of magnitude weaker than that required 
by disk-locking models. Our estimate of ta O suggests 
that CTTSs have sufficiently long lever arms, but this 
calculation should be made more precise. 

Observations of the hot, possibly stellar, outflows can 
further constra in our model. More high-resolution spec- 
troscopy (e.g., IKastner et al.ll200l IDupree et al.M2005|) 
may reveal stellar wind signatures that will provide bet- 
ter constraints on M w , r t h, and e. Finally, additional 
meas urements or limits on the large-scale magnet ic field 
Ce.g.. Uohns-Krull et al.ll999tlSmirnov et al.l200^ would 
be useful to constrain the value of ta- 
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